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Abstract. – The magnetic parameters of sedimentary rocks can record accurately tectonic and climatic influences upon
sedimentary processes, when they are not altered during diagenesis. This paper is focused on the possible alteration of
the primary magnetic-susceptibility signal during early diagenesis of marine organic matter (OM).
In the late Kimmeridgian-Tithonian Argiles de Châtillon Formation (Fm.) of the Boulonnais area (northern
France – lateral time equivalent of the distal organic-rich sediments of the Kimmeridge Clay Fm. of Dorset), the or-
ganic content is dominated by amorphous OM (AOM), either brown or orange, originating from selective preservation
or sulphurisation, respectively. Total sulphur content correlates well with orange + brown AOM abundance, and or-
ganic S content correlates well with orange AOM abundance. The magnetic signal of these claystones and paper shales
is dominantly carried by clay minerals. The magnetic susceptibility vs. brown-AOM abundance relationship shows a
clear correlation. Furthermore, if the part of the magnetic-susceptibility signal linked to the lithoclastic fraction of the
sediments is removed from the total signal, a positive correlation is also drawn between the brown-AOM abundance
and the ‘excess’ magnetic susceptibility. The cause for this resides in the iron-sulphide abundance. The presence of
both types of AOM implies that intense sulphate reduction took place and that the HS–/H2S released reacted with either
organic molecules (orange AOM dominating the palynofacies) or reactive iron (brown AOM dominating). When reac-
tive iron was abundant enough and when sulphate reduction-induced sulphide ions could react with it, iron sulphides
could form and this sediment component (present now as pyrite) influences the magnetic-susceptibility signal. The
type of dominating source organisms (phytoplankton) may condition the reactivity of OM towards sulphide ions. This
may influence iron-sulphide formation, and in turn the sediment magnetic signal.
Diagenèse précoce de la matière organique d’origine marine et propriétés magnétiques des
roches sédimentaires : le rôle du facteur limitant du fer et des organismes sources de la
matière organique
Mots clés. – Kimméridgien, Susceptibilité magnétique, Matière organique, Diagenèse précoce, Fer réactif.
Résumé. – Les paramètres magnétiques des roches sédimentaires peuvent enregistrer les influences exercées par la tec-
tonique et le climat sur la sédimentation, quand les signaux ne sont pas altérés par la diagenèse. Cet article met l’ac-
cent sur l’altération du signal magnétique que peut provoquer la diagenèse précoce de la matière organique (MO)
sédimentaire d’origine marine. Dans la formation des Argiles de Châtillon (Kimméridgien supérieur) du Boulonnais,
le contenu organique est dominé par la MO amorphe (MOA). Celle-ci est brune ou orangée, et sa préservation résulte
de phénomènes de préservation sélective ou de sulfuration, respectivement. La teneur totale en soufre est bien corrélée
avec l’abondance de la MOA totale (brune + orangée) ; la teneur en soufre organique est bien corrélée avec l’abon-
dance de la MOA orangée. Le signal magnétique de ces argilites et black shales est porté principalement par les miné-
raux argileux. La susceptibilité magnétique est bien corrélée avec l’abondance de la MOA brune. En outre, si l’on
extrait par le calcul la part du signal magnétique due aux minéraux argileux, une bonne corrélation se dessine aussi
entre l’abondance de la MOA brune et le signal de susceptibilité magnétique (non-dû à la fraction terrigène). Cette cor-
rélation peut être expliquée par la néoformation de sulfures de fer lors de la diagenèse précoce. La présence des deux
types de MOA implique qu’une intense sulfato-réduction a dû se produire dans les sédiments, et que les ions HS—/H2S
(sous-produits de la réaction de sulfato-réduction) ont pu être relâchés dans les eaux interstitielles. Ces ions ont pu réa-
gir soit avec les molécules organiques (MOA orangée dominante), soit avec le fer réactif présent dans le milieu de dé-
pôt (MOA brune dominante). Lorsque le fer réactif était suffisamment abondant et que les ions sulfure pouvaient réagir
avec lui, des sulfures de fer ont pu se produire (qui se retrouvent aujourd’hui sous forme de pyrite très majoritaire-
ment) et ils ont une influence (modeste mais significative) sur le signal magnétique. La réactivité de la MO vis-à-vis
du fer peut être conditionnée par le type d’organismes sources (phytoplancton).
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INTRODUCTION
The Kimmeridgian-Tithonian sandstones and marlstones of
the Grès de Châtillon and the Argiles de Châtillon forma-
tions are well exposed in the coastal cliffs around
Wimereux (Boulonnais area, northernmost France). These
nearshore and shallow shelf sediments are lateral time
equivalents of the distal organic-rich sediments of the
Kimmeridge Clay Fm. of Dorset (UK). Extensive recent
studies of the Wimereux sections have provided detailed
biostratigraphical and sequence stratigraphical frameworks
[Herbin et al., 1991; Herbin and Geyssant, 1993; Proust et
al., 1993, 1995; Proust, 1994; Deconinck et al., 1996; Wa-
terhouse, 1999; Bialkowski et al., 2000]. These have been
used in recent works dealing with the organic matter (OM)
content of the Argiles de Châtillon Fm.
Magnetic parameters can be proxies for tectonic and
climatic influences upon sedimentation processes [e.g.,
Maher and Thompson, 1999, and numerous references
herein], but they can only be used reliably for reconstruc-
tions if possible diagenetic overprinting is identified [e.g.
Roberts et al., 1999; Machel, 1995; Robinson et al., 2000;
Tarling and Turner, 1999]. Early diagenesis, induced by
bacterially-mediated OM decay, has been shown to influ-
ence magnetic susceptibility, through reductive dissolution
of magnetite-type minerals and ferrimagnetic iron-sulphide
development [Machel, 1995; Hesse and Stolz, 1999; Rob-
erts et al., 1999]. In this paper, we attempt to identify the
main carrier-phases for the magnetic susceptibility signal
and particularly explore the relationship between magnetic
susceptibility and the types of marine-origin amorphous
OM present in the sedimentary rocks of the Argiles de
Châtillon Fm. The reason is that the presence of the differ-
ent types of amorphous OM is conditioned by
paleoenvironmental factors that in turn influence magnetic
parameters. To our knowledge, this is the first attempt to
show how the presence of brown amorphous OM resulting
from selective-preservation processes has a direct link with
magnetic susceptibility.
GEOLOGICAL FRAMEWORK
The studied succession is exposed at the Pointe de la
Crèche, between Wimereux and Boulogne (fig. 1). Most of
the 33 m section falls within the Argiles de Châtillon Fm.
(Autissiodorensis and Elegans ammonite zones), bracketed
between the upper part of the Grès de Châtillon Fm. below
(Eudoxus zone), and the base of the Grès de la Crèche Fm.
above (Scitulus zone; [Herbin et al., 1995; Deconinck et
al., 1996; Wignall et al., 1996]). The sedimentary log, stra-
tigraphy and sequence stratigraphy are shown in figure 1.
The marlstones and shales of the Argiles de Châtillon
represent a low-energy shelf facies deposited below wave
base, but showing some storm influence in the thin shelly
limestone or sandy interbeds. Like the more distal time
equivalent shales and mudstones exposed at Kimmeridge
on the Dorset (UK) coast [Cox and Gallois, 1981; Herbin et
al., 1991], these sediments are organic-rich in part, but
their OM has a more mixed origin [El Albani et al., 1993;
Herbin et al., 1995; Proust et al., 1993, 1995; Deconinck et
al., 1996; Waterhouse, 1999]. Recent sequence stratigraphi-
cal studies of the Wimereux section [Proust, 1994, Proust et
al., 1993, 1995] allow us to relate observed variations in or-
ganic facies to changes in relative sea level.
MATERIAL AND METHODS
Brief sedimentological description
As detailed descriptions of the lithofacies have been given
previously in Proust [1994], Proust et al. [1995] and
Deconinck et al. [1996], only a summary needs be offered
here. The Grès de Châtillon Fm. consists of brown- to or-
ange-coloured sandstones and sandy marlstones with com-
mon cross-bedding and wave ripples, and intense
bioturbation (especially U-shaped and Rhizocorallium bur-
rows). The top of the formation is a series of four sandy
limestone beds rich in Exogyra shells. The overlying
Argiles de Châtillon Fm. consists of claystone and
marlstone accumulations with two intervals of laminated
paper shales (fig.1) and a laterally variable number of occa-
sional intercalated limestone beds. The marlstones show a
gradual enrichment in silt in the upper part of the forma-
tion. Storm beds are numerous, notably at the Kimmeridgian-
Tithonian (Autissiodorensis-Elegans zone) boundary. Within
the Argiles de Châtillon Fm., the clay mineral assemblage is
very homogeneous, being made of dominating illite (50 %),
kaolinite (ca. 30 %), smectite + illite/smectite mixed layers
(< 20 %), plus < 10 % chlorite [Proust et al., 1995;
Deconinck et al., 1996]. At the uppermost part of the for-
mation, the assemblage evolves toward dominating smectite
+ illite/smectite mixed layers (< 70 %).
Magnetic parameters
Eighty-three samples were picked from the top of the Grès
de Châtillon Fm. and the Argiles de Châtillon Fm. and cut
into standard 10 cm3 cylindrical samples. For 33 samples,
magnetic parameters were measured including low-field
magnetic susceptibility (MS; applied AC field of 0.4 mT,
room temperature), saturation isothermal remanent magne-
tization (sIRM; at 1,5 T) and the s coercitive ratio (sRatio =
IRM (0,3 T) / IRM (1,5 T); e.g. Walden et al. [1999] for de-
tails about these parameters). For the other 56 samples,
only low-field magnetic susceptibility was measured on the
dried samples.
These parameters have been shown to document
paleoenvironmental conditions of recent sediments [review
in Robinson, 1986; Walden et al., 1999; Maher and Thomp-
son, 1999] but also of ancient diagenetic sedimentary rocks
[e.g. Crick et al., 1997; Devleeschouwer et al., 1999]. Mag-
netic susceptibility quantifies the ability of rock or sedi-
ment to be magnetised by a weak magnetic field according
to the respective concentrations of dia- (e.g. quartz, cal-
cite), para- (e.g. illite, pyrite) and ferromagnetic s.l. (e.g.
magnetite, haematite, pyrrhotite) minerals (see for example
Dearing [1999] for a more detailed description]. In the ab-
sence of diagenetic alteration, the magnetic susceptibility
can provide a record of the bulk mineralogical changes in-
duced by terrigenous inputs and biogenic pelagic dilution
[Mead et al., 1986; Robinson, 1986,1993; Robinson et al.,
1995; Andrews and Stravers, 1993; Vanderaveroet et al.,
1999]. The sIRM and s Ratio parameters will be used here
to characterise the nature and relative amount of the ferro-
magnetic contribution [Walden, 1999].
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Organic content
The Rock Eval pyrolysis parameters were determined with
a Rock Eval VI apparatus : total organic carbon content
(TOC, in wt. %), Tmax (oC), and hydrogen index (HI, in
mg hydrocarbon per g TOC; see all details about Rock Eval
pyrolysis and parameters in Espitalié et al. [1986], Espitalié
[1993]). Standard palynological processing techniques have
been used, as described in Lallier-Vergès et al. [1993a,
1993b]. Two types of preparations were produced for each
sample : total untreated kerogen slides using the residues of
just HCl and HF digestion, and treated kerogen slides pre-
pared after further treatment with KOH, HNO3 and ZnBr2 in
order to remove humic substances, sulphides and any
other undissolved mineral matter. In neither case was ultra-
sonic treatment or sieving employed. The mounting me-
dium of the slides was Elvacite 2044. For each sample, 500
organic particles were counted in transmitted white light
according to a computer-assisted protocol [Noël, unpub-
lished PhD thesis] that permits a consideration not only of
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FIG. 1. – Location of the studied section at the Cap de la Crèche (Boulonnais area, northern France). Lithostratigraphy, ammonite biozonation [Herbin et
al., 1995], and correspondence with the relative variation of the sea level [Proust et al., 1993, 1995].
FIG. 1. – Localisation et présentation de la coupe du Cap de la Crèche (Boulonnais, Nord de la France) : lithostratigraphie, zones d’ammonites [Herbin
et al., 1995] et variations relatives du niveau marin [Proust et al., 1993, 1995].
the number of particles, but also their size (area in plan
view), and thus provides a potentially better quantification
of the relative abundance of amorphous organic matter
(AOM, sensu Tyson [1995]). To estimate the level of pres-
ervation of the organic matter the qualitative 6-point fluo-
rescence scale of Tyson [1995] was used, based on a global
evaluation under blue light fluorescence and use of a × 20
objective [Tribovillard et al., 2001].
Elemental analysis
For 20 samples (bulk rock), major and minor element ana-
lyses were carried out by ICP-AES at the spectrochemical
laboratory of the Centre de Recherches en Pétrographie et
Géochimie of Vandœuvre-les-Nancy. The samples were
prepared by fusion with LiBO2 and HNO3 dissolution. The
analytical accuracy and precision were both found to be
better than 1 % (mean 0.5 %) for major and minor ele-
ments. This was checked by making use of international
reference material and by analysing replicate samples, re-
spectively. Lastly, samples were analysed with a LECO C-S




The studied Kimmeridgian-Tithonian rocks exhibit rela-
tively low values for both MS (< 8.10–8 m3/kg) and sIRM
(< 0.25 A/m; fig. 2). These values document a general low
ferromagnetic signal that can be explained by the lack of
crystalline source rocks in the hinterland of the Boulonnais
basin [Herbin et al., 1995; Proust et al., 1995]. They also
emphasise a possible dominant paramagnetic contribution
to the low-field MS [Rochette et al., 1992] due to the high
amount of clay minerals [see above and Deconinck et al.,
1996] (specific susceptibility for illite and chlorite close to
0,15.10–6 m3/kg) and localised occurrence of pyrite within
black shale levels (specific susceptibility of pyrite close to
0,3.10–6 m3/kg).
The depth distribution of magnetic parameters docu-
ments variations that can be related to facies changes and
consequently to relative sea-level fluctuations [Averbuch et
al., 1997]. MS is higher in clay-rich intervals close to high-
est sea levels (maximum flooding surfaces) whereas sIRM
and sRatio are highest in more-proximal deposits subjected
to coarser detrital inputs (fig. 2). There is no positive corre-
lation between MS from one part, and s IRM or s Ratio
from the other part (fig. 3), and even a negative tendency
may be observed (fig. 3B) which suggests that the ferro-
magnetic contribution is not the major source for the mag-
netic susceptibility signal.
Though this ferromagnetic-mineral component is very
weak, high s ratio values (close to 1) and unblocking tem-
perature of the IRM close to 500oC [Averbuch et al., 1997]
indicate the predominant contribution of low-coercivity
minerals of magnetite type to the ferromagnetic signal.
However, due to their very low abundance in the samples,
such minerals could not be evidenced using X-ray diffrac-
tion methods.
Inorganic geochemistry
Except for 2 sandstone samples at the base and top of the
Argiles de Châtillon Fm. respectively, the Si/Al ratio shows
a homogeneous depth distribution, reflecting the homoge-
neity of the nature of the land-derived fraction (fig. 2), both
from compositional and grain-size distribution points of
view.
A very clear positive correlation is drawn between
Al-content and magnetic susceptibility (R2 = 0.86; fig. 4).
At a lesser degree, except for two sandstone samples at the
base and top of the section respectively (fig. 1), a positive
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FIG. 2. – Stratigraphic distribution of the Si/Al ratio values and magnetic parameters (magnetic susceptibility, sIRM and s Ratio).
FIG. 2. – Distribution verticale du rapport Si/Al et des valeurs des paramètres magnétiques (susceptibilité magnétique, sIRM, s ratio).
correlation is also observed between MS and Ti content
(fig. 5) or Fe content (fig. 6). The slope of the correlation
line varies if the Ti- or Fe-poorest samples are taken into
account. These two samples, that are poor in Fe and Ti, are
very rich in carbonate.
OM content and relation with magnetic parameters
Through photonic-microscope observation, the organic fa-
cies are dominated by marine-origin AOM, either orange or
brown in colour (fig. 7). Orange AOM has distinct and
sometimes almost angular edges, and a gel-like texture;
commonly-included pyrite framboids are observed in un-
treated kerogen slides (fig. 8A). Brown AOM has a more
heterogeneous “floc” texture, less distinct “fuzzy” outlines
and tends to be less lustrous. It exhibits a more granular
texture and the presence of pyrite crystallites (fig. 8B). It is
less fluorescent than orange AOM.
According to Boussafir et al. [1994, 1995], Bialkowski
et al. [2000] and Tribovillard et al. [2001], the orange
AOM is interpreted as resulting from natural vulcanisation
or sulphurisation (reaction with sulphides and polysul-
phides), while brown AOM is interpreted to result from se-
lective preservation of resistant biopolymers (selective
oxidation of metabolisable constituents; [Largeau et al.,
1990; Derenne et al., 1991]). Natural vulcanisation is an
early diagenetic process leading to sulphurisation of the
aliphatic OM [Sinninghe Damsté et al., 1989; Tegelaar et
al., 1989], the inter- or intramolecular incorporation of re-
duced inorganic sulphur species into low-molecular-weight
functionalised lipids resulting in the formation of resistant
high molecular weight a biogenic “geopolymers” [de Leeuw
and Sinninghe Damsté, 1990].
The organic facies of the Argiles de Châtillon show a
good correlation with the sequence stratigraphy, exhibiting
peak values for total organic carbon (TOC), hydrogen index
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FIG. 3. – Crossplot of sIRM vs magnetic susceptibility (A), and sRatio vs
magnetic susceptibility (B).
FIG. 3. – Relations entre la susceptibilité magnétique d’une part, et les va-
leurs des paramètres sIRM (A) et sRatio (B), d’autre part.
FIG. 4. – Crossplot of Al content vs magnetic susceptibility.
FIG. 4. – Relations entre la susceptibilité magnétique et les teneurs en Al.
FIG. 5. – Relationship between magnetic susceptibility and Ti content. A :
all samples taken into consideration. B : close up and regression line for
the subset of samples.
FIG. 5. – Relations entre la susceptibilité magnétique et les teneurs en Ti,
en prenant en compte tous les échantillons (A) ou ceux identifiés dans le
sous-ensemble (B).
(HI), total sulphur (TS) and organic sulphur (Sorg) in the pa-
per shale lithofacies deposited around the two maximum
flooding surfaces (MFS). The palynofacies in these inter-
vals is characterised by a high content of fluorescent, or-
ange, marine AOM [see details in Tribovillard et al., 2001].
The depth distribution of the MS is illustrated on fig-
ure 9, together with the relative abundance of brown and or-
ange AOM in the palynofacies. The depth distributions are
very different for MS and orange AOM, but common fea-
tures may be observed between MS and brown AOM abun-
dance (fig. 9). More convincing, the abundance of brown
AOM (proportion of brown AOM × TOC : 100) shows a
significant correlation with MS (fig. 10). These observa-
tions made us carry out a calculation to decipher the part of
the magnetic signal not linked to the land-derived carrier
phase. The sediment MS is considered as a combination of
the signals carried by the (land-derived) clastic fraction
from one part (clays and ferromagnetic minerals), and by
other phases from the other part (carbonates, pyrite, …).
The Al-content is classically considered as a proxy for
clay content [Calvert and Pedersen, 1993]. The MS vs.
Al-content crossplot gives a correlation line defined by :
y = 7.5453 10–09 x + 8.0494 10–09 (fig. 4).
Thus a ‘calculated’ MS value may be derived from the
Al-content for any sample. The ‘excess’ MS (MSxs) may be
calculated as follows :
MSxs = Msmeasured – MScalculated
MSxs = MSmeasured – (7.5453 10–09 [Al content] +
8.0494 10–09).
In order to select the samples having a MS not due to
the sole land-derived supply, only the positive MSxs values
may be retained, i.e. the points lying above the regression
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FIG. 6. – Relationship between magnetic susceptibility and Fe content. A :
all samples taken into consideration. B : close up and regression line for
the subset of samples.
FIG. 6. – Relations entre la susceptibilité magnétique et les teneurs en fer,
en prenant en compte tous les échantillons (A) ou ceux identifiés dans le
sous-ensemble (B).
FIG. 7. – Stratigraphic variation in Rock Eval parameters, as well as carbonate and sulphur contents. The grey symbol at the bottom of the Tmax and HI
curves are used for samples with very low TOC (inaccurate Tmax and HI values).
FIG. 7. – Répartition verticale des valeurs des paramètres Rock Eval et des teneurs en carbonates et en soufre. Les symboles grisés à la base des colonnes
de l’HI et du Tmax représentent les échantillons pour lesquels ces valeurs sont incertaines (trop faibles valeurs de TOC).
line. There are only 7 such points, with MS above the value
derived from Al-content. For these points, a clear-cut corre-
lation is drawn between MSxs and brown AOM abundance
(brown AOM proportion × TOC : 100; fig. 11).
The same calculation may be carried out with Ti substi-
tuting for Al, Ti being another proxy for land-derived sup-
ply (fig. 5). From the Ti-content vs MS crossplot, the
“detrital” component of MS can be tentatively represented
by the computed linear-correlation line defined by :
y = 1.0208 10–07 x + 1.2553 10–08 with the correlation
line taking into account all samples (fig. 5A]. The incre-
ment of MS (MSxs) can be calculated as follows :
MSxs = MSmeasured – (1.0208 10–07 [Ti content] +
1.2553 10–08).
For the points with MSxs > 0 (i.e., lying above the re-
gression line), a positive correlation is also observed be-
tween MSxs and brown AOM abundance (brown AOM
proportion × TOC : 100; fig. 11). In this second calcula-
tion, 12 samples may be retained, i.e. more than for the
Al-calculation. This may be partly explained by the fact
that the MS vs Ti diagram shows more scatter than the MS
vs Al diagram that shows a very good correlation. The 7
samples identified with the Al-calculation are also found
with the Ti-calculation. Using the correlation line defined
for the samples the close-up of which is shown on figure
5B, 7 samples are again identified with ‘excess’ MS.
Lastly, a positive correlation is drawn between total
sulphur abundance and orange + brown AOM content (or-
ange + brown AOM proportions × TOC : 100; fig. 12).
Again, a positive correlation is drawn between the organic
sulphur content and the orange AOM proportion of ma-
rine-origin AOM (orange AOM * 100 / (orange + brown
AOM; fig. 12).
DISCUSSION
The clay fraction is the dominant MS carrier phase
The geochemical results show good correlations between
MS and the land-derived fraction of the sediment (illus-
trated by Al- or Ti-content), with a y-axis intercept of the
regression lines close to zero (figs. 4 and 5). The positive
correlation is notably good for Al, usually considered as a
good proxy for the clay-mineral content [Calvert and
Pedersen, 1993 ]. This is to say that the clastic fraction and
above all the clay minerals are by far the main MS-carrier
phases of the sedimentary rocks of the Argiles de Châtillon
Fm. This is corroborated by the general low values of
sIRM/MS and negative tendencies observed for the MS vs
sIRM (fig. 3). At the scale of the Argiles de Châtillon Fm.,
the Si/Al ratio fluctuates according to the facies distribu-
tion : sandstone samples show higher Si/Al and weaker MS
values than claystone samples do. Within the claystones,
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FIG. 8. – Transmitted light microphotograph of the two types of amor-
phous organic matter (AOM). A : brown, B : orange.
FIG. 8. – Microphotographies en lumière transmise des deux types majori-
taires de matière organique amorphe (AOM). A : AOM brune, B : AOM
orangée.
FIG. 9. – Stratigraphic distribution of the magnetic-susceptibility values and the abundance of brown AOM and orange AOM.
FIG. 9. – Répartition verticale des valeurs de susceptibilité magnétique et des abondances respectives des AOM brune et orangée (proportions de ces
constituants au sein des palynofaciès), ainsi que des valeurs de TOC.
the homogeneous Si/Al depth distribution rules out any
marked influence of the variation in the nature of clay as-
semblage upon MS. Consequently, the claystones do not
show any fluctuation in the quartz supply. Thus, the mag-
netic signal cannot be influenced by variations in the dia-
magnetic quartz content. The clay assemblage has been
shown to be dominated by illite + kaolinite [Deconinck et
al., 1996].
The influence of brown AOM
Although, for the Argiles de Châtillon Fm., the MS of the
sediments is markedly governed by clay-mineral abun-
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FIG. 10. – Relationship between magnetic susceptibility and brown AOM
content.
FIG. 10. – Relations entre la susceptibilité magnétique et l’abondance de
l’AOM brune.
FIG. 11. – Relationship between the part of the magnetic-susceptibility si-
gnal that is not carried by the land-derived supply (MSxs), and brown
AOM content. MSxs * is calculated from the Al vs MS crossplot (fig. 4);
MSxs is calculated from the Ti vs MS crossplot (fig. 5).
FIG. 11. – Relations entre la part du signal de susceptibilité magnétique
non portée par la fraction terrigène (MSxs), et l’abondance de la AOM
brune. MSxs* est calculé à partir du diagramme Al vs MS de la figure 4 ;
MSxs est calculé à partir du diagramme Ti vs MS de la figure 5).
FIG. 12. – Sulphur relationship with AOM. A : relationship between total
sulphur content and total abundance of AOM [(orange AOM + brown
AOM) * TOC/100]; B : relationship between organic sulphur content and
the orange AOM proportion of total marine-origin AOM ( % Orange AOM
*100 / ( % brown AOM + % orange AOM).
FIG. 12. – Relations entre le soufre et la matière organique amorphe. A :
relation entre les teneurs en S total et l’abondance totale de matière orga-
nique amorphe (orange + brune, pondérées par la teneur en matière orga-
nique (TOC). B : relations entre le S organique et la proportion de matière
organique amorphe orange au sein de l’ensemble de la matière organique
amorphe marine (orange + brune).
FIG. 13. – Schematic illustration of the possible role of reactive iron in the
series of processes leading to the precipitation of iron sulphides, which in
turn has an influence upon the magnetic parameters of rocks.
FIG. 13. – Récapitulation schématique du rôle que peut jouer le fer réactif
dans la chaîne de réaction aboutissant à la précipitation de sulfures de fer
qui peuvent avoir une influence sur les paramètres magnétiques.
dance, a clear relationship is drawn between MS and brown
AOM abundance (fig. 10). Furthermore, for some samples
that are among the richest in brown AOM, the MS shows an
additional component (MSxs) that correlates rather well
with brown AOM abundance. This additional signal is not
strong but the good correlations evoked just above, together
with the fact that the same samples are identified, using ei-
ther the Al- or Ti-content strongly suggests that the rela-
tionship between MS and the relative abundance of brown
AOM cannot be fortuitous. The samples richest in brown
AOM record a decrease of the s Ratio (fig. 3), suggesting a
change in the ferromagnetic component. Within such black
shales, the observed increase in coercivity of the magnetic
signal is likely to be due to the occurrence of very low
amounts of ferromagnetic iron sulphides (possibly
pyrrhotite), usual precursors of pyrite in organic rich sedi-
mentary rocks [e.g. Machel, 1995]. Thus the sought-for
mechanism linking brown AOM abundance and MS must
be the abundance of iron sulphide.
The link between brown AOM abundance and iron-sul-
phide formation
A clear correlation is drawn between the sulphur content
and the orange + brown AOM abundance (fig. 12). This
means that the amount of sulphur trapped within the
Argiles de Châtillon rocks is directly related to the total
amount of marine-origin OM buried and preserved. The
sulphur is present as two dominant phases : one linked to
OM (a close correlation exists between the amount of or-
ange AOM and organic sulphur abundance; r2 = 0.93, n =
18; fig. 12), and one mineral phase (dominantly pyrite).
Brown AOM is interpreted as resulting from selective pres-
ervation processes, as evoked above [Boussafir et al., 1994,
1995]. This means that this type of AOM is the refractory
part, resisting to total bacterial degradation, of an initially
more abundant OM that has partially disappeared. In other
words, the presence of abundant brown AOM implies the
previous massive destruction of marine OM [Lallier-Vergès
et al., 1997]. An important mechanism of marine OM deg-
radation below the water-sediment interface is usually bac-
terially-mediated sulphate-reduction reaction. The by-
product of such reactions is sulphide ions (HS–/H2S) that
may generate in turn the precipitation of iron sulphides
within the sedimentary rocks (when reactive iron is avail-
able) [Raiswell and Canfield, 1998; Canfield, 1994;
Coleman and Raiswell, 1995]. To sum up, the accumulation
of brown AOM must have been accompanied by sul-
phate-reduction reactions that led to the precipitation of
iron sulphides. These iron sulphides have in turn the ob-
served influence on the MS of the rocks.
The absence of link between orange AOM abundance
and MS
The presence of orange AOM is another salient feature of
the Argiles de Châtillon Fm., but no relation between its
abundance and the MS signal is observed. Orange AOM re-
sults from sulphurisation, i.e. the incorporation of reduced
species of sulphur, released by sulphate reduction
[Boussafir et al., 1994, 1995; Mongenot et al., 1997]. In
that case, sulphide ions can react with OM (lipids, maybe
carbohydrates) because they are not entirely trapped as iron
sulphide [Curtis, 1987a, b; Zaback and Pratt, 1992;
Tribovillard et al., 1994]. The limiting factor preventing
iron-sulphide precipitation and allowing sulphur incorpora-
tion to OM, is reactive-iron availability. Reactive iron is
usually present in the depositional environment as oxyhy-
droxide or mineral-grain coatings, or organic-metal com-
plexes [Raiswell and Canfield, 1998; Canfield et al., 1992;
Canfield, 1994]. Iron shortage may be absolute or relative,
that is, caused either by the absence of land-derived pro-
ducts, e.g., in the case of carbonate sedimentation or of re-
duced sedimentation rates (transgressive systems tracts and
MFS), or by its relative scarcity regarding overwhelming
sulphide-ion amounts, released by intense OM bacterial
degradation (sulphate reduction), e.g., in the case of high
productivity in surface waters [Tribovillard et al., 1994;
Raiswell and Canfield, 1998]. In other words, in the orange
AOM-rich levels, the intense sulphate-reduction reactions
(triggered by abundant marine OM) did not lead to the for-
mation of iron-rich minerals influencing the MS signal, and
this is the reason why no relation can be observed between
orange AOM abundance and MS.
Summary: the role of iron
We suggest that, in the studied case, the MS signal of the
sedimentary rocks has been mainly governed by the
land-derived clay mineral content, but is also tuned to the
variable occurrence of iron sulphide (fig. 13). This second
factor is directed by the type of diagenetic mechanism af-
fecting marine OM. When the sulphate-reduction reactions
led to the formation of brown AOM, this phenomenon was
accompanied by iron-sulphide formation, which concerned
the MS signal. When the sulphate-reduction reactions
ended with the formation of orange AOM, the sulphide ions
were dominantly incorporated to the organic molecules and
did not form major iron-sulphide phases. Hence no addi-
tional effect was brought to the MS signal. The reac-
tive-iron availability must have played an important role in
the series of reactions ending with either brown or orange
AOM accumulation (fig. 13). Orange AOM is abundant in
the two parts of the section that correspond to maximum
flooding and lower highstand systems tract, i.e., periods of
reduced siliciclastic inputs (and thus reactive iron).
A final hypothesis: the possible role of the type of ma-
rine OM
Recent molecular studies show that the brown AOM is
dominantly made of algaenans, i.e., aliphatic, non-
hydrolysable biomacromolecules that have the ability to re-
sist bacterial and chemical attack to some extent [Largeau
et al., 1990; Derenne et al., 1991; Boussafir et al., 1994,
1995; Gelin et al., 1995]. Gelin et al. [1999] have shown
that not all phytoplankton types synthesise algaenans. For
instance, from in vitro cultures, the authors indicate dia-
toms and prymnesiophytes do not synthesise such mole-
cules, whereas some dinoflagellates and the eustigmatophytes
do, as well as many of the chlorophytes.
In other words, when algaenan-synthesising organisms
thrive in surface water and when the depositional environ-
ment is not iron-limited, the bacterial degradation of the
marine OM sustains strong sulphate-reduction reactions
that lead to iron sulphide formation. This will influence the
MS signal. In such a scheme, if algaenan-non-synthesising
plankton “cohabits” in surface water, the iron availability
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will prevent any sulphurisation reaction of the OM. If iron
gets limiting (change in the terrestrial supply or over-
whelmingly abundant marine OM in case of eutro-
phication), OM sulphurisation will be possible. The sulphur
linked to OM will not be involved in iron sulphide forma-
tion and will not reinforce the MS signal. In the case of iron
shortage again, if algaenan-non-synthesising organisms
dominate the surface productivity, little iron sulphide will
form (little or no increment to the lithoclastic-originating
MS signal).
For the time being, this hypothesis, summarised in table
I, is still speculative and needs further investigation.
CONCLUSION
This paper aims at illustrating how early diagenesis pro-
cesses affecting marine OM can influence the MS acquired
by sedimentary rocks of the Argiles de Châtillon Fm. The
major part of the signal is carried by the land-derived clay
assemblage, but a small signal may be added or not, accord-
ing to the amount of iron sulphide generated by OM bacte-
rial sulphate reduction. The amount of iron sulphide
involved depends, first of all, on reactive iron availability
relative to the amount of sulphide released by sulphate re-
duction-induced OM degradation, and, possibly, on the bio-
logical and biochemical nature of the phytoplankton at the
origin of the whole chain of mechanisms.
What is discussed here about the Argiles de Châtillon
Fm. is not a peculiar feature of the formation and may be
fully transposed to any other geological formation that had
contained at least a little sedimentary OM at the time of
sediment deposition.
OM is most of the time an unobtrusive guest of all
usual marine deposits. However this study highlights its
possible influence upon the magnetic properties of sedi-
mentary rocks even when the TOC is not particularly high.
This must be taken into consideration when magnetic sus-
ceptibility is used in reconstructing paleodepositional con-
ditions. This paper evidences that a determination of the
AOM type (when present) is particularly helpful to inter-
pret fully and accurately the magnetic parameters of
OM-rich sedimentary rocks.
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